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A contemporary challenge across the natural sciences
is the simultaneous optical imaging or stimulation of
small numbers of cells or colloidal particles organised
into arbitrary geometries. We demonstrate the use of
temporal focusing with holographic optical tweezers in
order to achieve depth-resolved two-photon imaging
of trapped objects arranged in arbitrary three dimen-
sional geometries using a single objective. Trapping al-
lows independent position control of multiple objects
by holographic beam shaping. Temporal focusing of ul-
trashort pulses provides a wide-field two-photon depth-
selective activation of fluorescent samples. We demon-
strate wide-field depth-resolved illumination of both
trapped fluorescent beads and trapped HL60 cells in
suspension with full 3D positioning control. These ap-
proaches are compatible with implementation through
scattering media and can be beneficial for emergent
studies in colloidal science and particularly optogenet-
ics, offering targeted photoactivation over a wide area
with µm depth control precision. © 2015 Optical Society of
America
OCIS codes: (180.6900) Microscopy, three-dimensional mi-
croscopy; (180.2520) Microscopy, fluorescence microscopy; (140.7010)
Lasers and laser optics, laser trapping.
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Targeted photo-activation has been widely used to study and
control cellular processes for an extended period of time. While
single-photon methods have pioneered the field of optogenetics,
two-photon photo-stimulation methods are gaining more popu-
larity due to their superior penetration depth through tissue and
the ability of depth selectivity [1, 2]. The former is the result of
the lower scattering for the longer wavelengths, which are used
for two-photon excitation. The latter is due to the non-linear
excitation efficiency which limits the excitation volume to places
with high light density. These advantages are especially valuable
for selective activation of cells in complex arrangements. The
need for an extended illumination area in optogenetics makes
temporal focusing (TF) of ultrashort pulses a favorable technique
for two-photon activation [2–4]. This technique was originally
proposed for multiphoton wide-field imaging in order to pro-
vide depth sectioning for large transverse illumination fields,
removing the need for the scan in the transverse plane com-
pared to standard multiphoton techniques. Since then, TF has
been adopted to non-linear imaging, optogenetics and lithogra-
phy techniques [5–10] but has not been combined particularly
with other biophotonics approaches. The depth sectioning in
TF is achieved by temporally stretching an illumination pulse
everywhere except the image plane where the pulse is com-
pressed [3, 4]. The multiphoton excitation volume is, therefore,
reduced to a thin layer in the imaging plane where the photon
density is maximized. In terms of optogenetics, TF has been
applied to two-photon fluorescence 3D imaging [11] and neural
activation [5, 9]. The depth resolution for TF is comparable to
standard two-photon fluorescence techniques [11] and it can be
combined with structural illumination techniques in order to en-
hance lateral and axial resolutions [8, 12]. Importantly, it was re-
cently demonstrated that TF improves the penetration depth into
the scattering sample compared to standard two-photon fluores-
cence [9]. Together with imaging, optical micro-manipulation
is also moving towards applications in such ’complex’ envi-
ronments. The advances in beam shaping for optical trapping
have enabled trapping in scattering and turbulent media with
in situ aberration corrections [13]. Optical trapping has been
successfully used for manipulation of microparticles and cells in
vitro [14–16] and most recently in vivo [17]. Furthermore, many
imaging techniques have been combined with optical tweezers
and successfully applied to tomographic microscopy and 3D
imaging [18–22] though these have almost exclusively focused
upon single photon or holographic approaches. The use of wide
field multiphoton imaging in this regard may have significant
advantages.
In this work we present a combination of temporal focusing
with holographic optical tweezers allowing wide-field depth-
resolved multiphoton illumination of trapped objects in arbitrary
arrangements. We demonstrate 3D imaging of fluorescent beads
and live cells with 3 µm depth resolution. This approach has
a potential application for depth resolved imaging, targeted
photo-activation and optogenetics of cells in suspension and has
the added benefit of potentially being resilient to scattering or
aberrating media (including in vivo), a topic of current interest
to both the imaging and trapping communities [9, 13, 16, 17].
The experimental setup is shown in Figure 1 and consists of
optical paths for illumination, imaging and trapping. All three
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modalities share the same objective and thus the approach is
compatible with a standard microscope. Temporal focusing (TF)
of femtosecond laser pulses (center wavelength 795 nm, repe-
tition rate 80 MHz) is used for the illumination of the sample.
The femtosecond laser pulses are derived from a Ti:Sapphire
oscillator (KMLabs SWIFT-10) and temporally shaped (Biopho-
tonic solutions MIIPS) in order to compensate for dispersion and
deliver 20 fs pulses at the sample plane. Temporal focusing is
achieved via spectral dispersion of the incoming laser pulses by
a transmission grating (300 lines/mm) with subsequent recom-
bination of all the wavelengths by the objective in the imaging
plane. The TF setup is integrated into the Nikon inverted micro-
scope (Eclipse-Ti) equipped with a water immersion objective
(Nikon CFI Plan Apo VC 60x WI, NA=1.2) and an Andor Clara
CCD camera. The total imaging illumination power at the sam-
ple was approximately 80 mW.
1070 nm
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800 nm
20 fs
Fig. 1. Schematic diagram of the experimental setup. The
trapping beam consists of a 1070 nm CW laser which passes
through a half-waveplate (λ/2) and a polarizing beam split-
ter (PBS).The beam is then expanded onto the SLM, which
is placed in a plane conjugate to the back aperture of the ob-
jective. The first order diffracted beam is separated from the
other beam orders by an iris in the imaging plane. The illumi-
nation path consists of a 800 nm femtosecond laser and a pulse
compression system (MIIPS). The pulses are dispersed using
300 lines/mm transmission grating and temporally focused
by a 60x WI microscope objective. Two photon fluorescence
is collected through the same objective and imaged onto an
Andor Clara CCD camera.
The illumination profile and the depth resolution for TF
have been characterized using a 350 nm spin coated sample
of rhodamine-6G in PMMA. The illumination profile depends
on the total magnification of the system and on the beam size at
the grating position. The transverse profile of the illumination
beam has a shape of an asymmetric Gaussian with FWHMs of
36 µm and 22 µm respectively. This defines the effective illu-
mination area of the 60x objective in our setup. The TF images
were normalized by the illumination intensity profile. The illu-
mination area can be varied by modifying the laser beam size at
the grating position. The depth response function has FWHM
of about 3 µm when integrated across the whole illumination
area. Figure 2 shows the two-photon fluorescence signal, pro-
duced by a 350 nm thin layer of rhodamine 6G, integrated over
the 25x40 µm2 area. The depth resolution of our TF setup is
comparable to the previously reported ones where a similar
configuration with a linear grating has been used [3, 9, 12].
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Fig. 2. Two-photon fluorescence from a 350 nm thin layer of
fluorescent dye (Rhodamine 6G in PMMA) as a function of
illumination depth. The fluorescent signal was integrated over
the central part of the whole illumination area. The full width
at half maximum was estimated to be around 3 µm from the
interpolation of the signal to 50% intensity level. The data set
can be accessed at [23].
A 1064 nm CW (IPG) laser delivers the optical trapping beam.
The laser beam is expanded onto the SLM (Hamamatsu LCOS-
SLM) which is placed in a conjugate plane to the back aperture
of the objective. The first diffraction order of the trapping beam
was selected by an iris placed in the image plane. The trapping
beam is recombined with the illumination beam by a dichroic
mirror. Both beams are delivered into the Nikon microscope and
focused through the same microscope objective. Multiple traps
were generated and controlled in 3D by shaping the trapping
beam with appropriate SLM phase masks. The position of an
individual trap was controlled by applying linear phases for the
in plane motion and employing quadratic phase for the axial
displacement [24]. The relation between the SLM phases and the
trap position has been calibrated in three dimensions. The trap
focus displacement was linear with respect to the SLM phases
for all three axes. Multiple traps were generated and controlled
by assigning different SLM pixels to different traps and control-
ling the phases of the corresponding set of pixels. Interference
between the traps has been minimized by random pixel-to-trap
assignment. During the experiment the laser power was ad-
justed to deliver about 50 mW per trap which is sufficiently low
to maintain viability of biological samples for extended periods
of time [25]. The performance of the setup was tested by imag-
ing two 2 µm diameter green fluorescent polymer microspheres
trapped in water. The position of each sphere was controlled
independently via SLM masks while the TF plane remained
fixed. Figure 3 shows two-photon fluorescent temporal focusing
(TPF-TF) imaging of trapped microspheres. The spheres were
separated by 6 µm in x and y directions and by 3 µm in z direc-
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tion (depth). Figure 3(a) shows bright-field image of the spheres
where Figure 3(b) shows corresponding TPF-TF image. In order
to obtain a 3D image both spheres were moved synchronously
in the z direction with a step of 500 nm. Fluorescent image was
acquired at each z step. Figure 3(c) shows a rendered 3D image
of the spheres which consists of 40 individual 2D slices. TPF-TF
produces slightly elongated image of the spheres (3.5 µm instead
of 2 µm) in the z dimension which is consistent with our 3 µm
depth resolution.
Fig. 3. Imaging of trapped beads separated by 6 µm in x and
y directions and by 3 µm in depth. (a) Bright-field image and
(b) corresponding TPF-TF image. The scale bar corresponds
to 2 µm. (c) 3D rendered image reconstructed from 2D slices.
The units on the axes correspond to µm. The beads have been
moved in the z direction synchronously with a step of 500 nm
by modifying the traps positions. The outer contour of each
bead has been defined at 50% of maximum signal intensity
level. The data set can be accessed at [23].
The TPF-TF 3D sectioning has also been applied to live HL60
cells stained with calcein-AM. Three cells were trapped and posi-
tioned with a 12 µm separation in each of the x and y directions
and 5 µm in z (depth). A bright-field (BF) image of the trapped
cells is shown in Figure 4(a) and a corresponding TPF-TF im-
age is presented in Figure 4(b). The dye is distributed within
the cell, producing reasonably homogeneous fluorescence inten-
sity across the cell body. The illumination can be directed to a
different cell position by moving the cells with the SLM. The
full depth scan of three trapped cells is shown in Figure 4(c).
Although, all three cells are overlapped in the BF image, the
TPF-TF images clearly show that only two cells are in physical
contact while the third one is fully separated. The isolated cell
is approximately 10 µm in radius, where the other two cells are
about 10 µm to 20 µm in size. The estimated illumination laser
flux of 104 W/cm2 is sufficiently low, minimising phototoxicity
and allowing the cells to remain viable for an extended period
of time [25, 26].
The illumination area can be easily adjusted by changing the
beam size at the grating or changing the objective magnification.
Two-photon photo-activation is usually a photon intensive pro-
cess. Therefore, the maximum illumination area can often be
limited by the available laser power due to reduction in optical
power per unit area for large illumination regions. To further im-
prove the setup an independent control of TF illumination depth
can be achieved by applying group velocity dispersion (GVD)
to the illumination pulse [27]. The resolution of the TF setup
Fig. 4. TPF-TF imaging of trapped HL60 cells stained with
calcein-AM. The cells are separated by 12 µm in the transverse
plane and by 5 µm in the axial position. (a) Bright field image
of three HL60 cells and (b) its corresponding TFF-TF image.
The scale bar corresponds to 5 µm. (c) 3D image of trapped
HL60 cells obtained by moving the axial position of the traps
in steps of 500 nm. The units on the axes correspond to µm.
The outer contours of the cells have been defined at 30% of
maximum fluorescence intensity level. A total of 100 slices
(x,y-plane images) were acquired with an integration time of
one second each. The data set can be accessed at [23].
can be further improved by utilizing the full back focal aperture
of the objective [11] and by using patterned illumination tech-
niques [8, 12]. This combination of holographic optical tweezers
with temporal focusing allows for the simultaneous and inde-
pendent positional control of a given cell or microparticle and
depth-resolved wide-field illumination. As an example, it may
be used for more advanced studies combined with the trapping
of blood cells in vivo within an artery of a living animal [17] to
study cells with 3D trapping and TF imaging through a single
objective. The technique can be also applied to targeted pho-
toactivation drug release in an artery where the optical trapping
can be used as a precise delivery mechanism and TF can initiate
the chemical release with a 3D precision. Other possible experi-
ments using TF include monitoring of cellular Ca levels whilst
under the influence of external objects optically positioned and
manipulated near the cell membrane.
Standard multiphoton excitation techniques usually require
time-consuming or computationally intensive wavefront cor-
rections when used deep inside scattering media [28, 29]. The
approach of TF on the other hand, can be applied beyond a sin-
gle scattering length without any aberration corrections while
preserving its spatial-temporal profile [5, 9] yielding new op-
portunities. Since both the trapping and the TF techniques can
be applied inside scattering media, they have the potential for
targeted photo-activation of trapped objects in challenging bio-
photonics environments.
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